1a,25-Dihydroxyvitamin D 3 (1a,25-D 3 ) has potent antiproliferative and anti-invasive properties in vitro in cancer cells. However, its calcemic effect in vivo limits its therapeutic applications. Here, we report the efficacy of 22-oxa-1a,25-dihydroxyvitamin D 3 (22-oxa-1a,25-D 3 ), a low calcemic analog of vitamin D, against the development of metastatic lung carcinoma after an intravenous injection of green fluorescent protein-transfected Lewis lung carcinoma (LLC-GFP) cells in C57BL/6 mice. The mice injected with tumor cells were implanted simultaneously with osmotic minipumps containing either 1a,25-D 3 , 22-oxa1a,25-D 3 or vehicle. The 1a,25-D 3 treatment group had been hypercalcemic, but the 22-oxa-1a,25-D 3 and vehicle treatment groups remained normocalcemic for the duration of the experiment. The total number of lung metastases, lung weight and the expression of GFP mRNA in the lung were markedly decreased in 1a,25-D 3 and 22-oxa1a,25-D 3 -treated mice. In the in vitro experiment, 1a,25-D 3 and 22-oxa-1a,25-D 3 reduced the expression of matrix metalloproteinase (MMP)-2, MMP-9, vascular endothelial growth factor and parathyroid hormone-related protein in LLC-GFP cells. Furthermore, in the angiogenesis assay, the number of tumor cells or basic fibroblast growth factor-induced angiogenesis was reduced in 1a,25-D 3 and 22-oxa-1a,25-D 3 -treated mice. Moreover, using a new experimental model of vitamin D receptor (VDR) null mutant (VDR À/À ) mice with corrected hypocalcemia and hypervitaminosis D, we examine the anti-cancer effect of 22-oxa-1a,25-D 3 without other functions induced by 22-oxa-1a,25-D 3 in the host. In the VDR À/À mice, 22-oxa1a,25-D 3 directly inhibited the metastatic activity of LLC-GFP cells in a dose-dependent manner without exerting a direct influence on the calcemic activity or other actions regulated by 22-oxa-1a,25-D 3 in the host. These results indicate that the inhibition of metastasis and angiogenesis-inducing activity in cancer cells seemed to be a major mechanism responsible for the anti-cancer effects of 22-oxa-1a,25-D 3 . Our findings show that 22-oxa1a,25-D 3 is beneficial for the prevention of metastasis in lung carcinoma.
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Introduction
Lung cancer is the most common cause of cancer death in the world. Lung cancer frequently metastasizes to the systemic lymph nodes and distant organs, including the liver, lung, kidney and bone, and 490% of deaths from lung cancer can be attributed to metastases (1) . In Japan, an estimated 90 000 new cases of lung cancer were diagnosed in 2003, and lung cancer will remain the leading cause of cancer death. Therefore, metastasis to multiple organs is a critical problem for patients with lung cancer. The prevention and treatment of the cancer metastases are clinically important.
The active form of vitamin D 3 , 1a,25-dihydroxyvitamin D 3 (1a,25-D 3 ), is a major regulator of calcium homeostasis, and is critically important for the normal mineralization of bone. In addition to the small intestine, bone and kidney, a multitude of other sites of action for this steroid hormone have been discovered. This insight resulted mainly from the observation that the vitamin D receptor (VDR), which mediates the hormone's genomic activity, is expressed in almost all tissues of the human body. Previous studies have shown that 1a,25-D 3 and its analogs are able to reduce the invasiveness of metastatic cancer cells in vitro (2, 3) . Using different animal models, it has now been confirmed that 1a,25-D 3 and its analogs suppressed invasion and metastasis and exerted an anti-angiogenic activity in vivo as well. In melanoma, lung, prostate, colon and breast cancer models, a reduction in the number and size of metastatic nodules has been observed in animals treated with 1a,25-D 3 and its analogs compared with untreated animals (4--7). However, the hypercalcemic activity of 1a,25-D 3 has precluded its application as a pharmacological agent. For this reason, various synthetic vitamin D 3 compounds with reduced calcemic activity have been developed. 22-Oxa-1a, 25-dihydroxyvitamin D 3 (22-oxa-1a,25-D 3 ) is an analog of vitamin D that has reduced calcemic effects but demonstrates a strong action on cell differentiation (8, 9) . The weaker calcemic effect of 22-oxa-1a,25-D 3 has been mainly attributed to its short half-life in the blood stream (10) . Previous studies have shown that 22-oxa-1a,25-D 3 reduced tumor size and tumor weight significantly, without increasing the serum calcium concentration in a number of different breast cancer cell in vivo models, including nude mice implanted with human breast cancer cells and rats carrying DMBA-induced breast tumors (9, 11) . However, despite the promising effects of 22-oxa-1a,25-D 3 in animal models of cancer, the molecular mechanisms behind these anti-cancer effects have not been clarified.
In the present study, we examined the effects of 22-oxa1a,25-D 3 on the metastasis of lung cancer in mice. We have generated a highly metastatic model using Lewis lung carcinoma (LLC) cells expressing green fluorescent protein (GFP). LLC has been an important tumor model for studies of metastasis, angiogenesis and neoadjuvant chemotherapy. A major advantage of GFP-expressing LLC (LLC-GFP) cells is that the imaging requires no preparative procedures and therefore, the method is uniquely suited for visualizing live tissue during tumor progression (12, 13) . In addition, GFP labeling is extremely effective for measuring the number and volume of metastatic nodules in target organs.
Moreover, LLC-GFP cells expressed the VDR and their proliferative and invasive activity were significantly inhibited by 1a,25-D 3 treatment. The mechanism of this inhibition in response to 1a,25-D 3 has not been made clear. In this study, we observed in vitro the secretion and mRNA expression levels of matrix metalloproteinase (MMP)-2, MMP-9, vascular endothelial growth factor (VEGF) and parathyroid hormonerelated protein (PTHrP), which were the most important factors for tumor invasion and tumor-induced angiogenesis. The secretion of these factors and mRNA expression were significantly inhibited by 22-oxa-1a,25-D 3 treatment. These findings suggest that 22-oxa-1a,25-D 3 may play a critical role in the expression and secretion of MMP-2, MMP-9, VEGF and PTHrP in metastatic cancer cells.
Furthermore, we reported previously that VDR À/À mice with corrected hypocalcemia and hypervitaminosis D being fed a high calcium and vitamin D-deficient diet could be used as an experimental model to screen the anti-cancer effects of new vitamin D analogs in vivo. Here, using this new experimental model, we examined the anti-cancer effects of 22-oxa-1a, 25-D 3 without calcemic activity and other actions regulated by 22-oxa-1a,25-D 3 in the host. We investigate the activity of 22-oxa-1a,25-D 3 in the LLC-GFP metastasis model in vitro and in vivo, and explore its mechanisms of action.
Materials and methods

Animals
Female C57BL/6 mice (Clea Japan, Inc., Tokyo, Japan), 8 weeks of age, were used for all experiments. Mice were then fed distilled water and a chow diet ad libitum (F-2, Clea Japan, Inc., Tokyo, Japan; ingredients: 1.2% calcium, 0.6% phosphorus and 1.08 IU vitamin D 3 /g). The mice were maintained under specific pathogen-free conditions with a 12-h light/dark cycle. This study was conducted in accordance with the standards established by the Guidelines for the Care and Use of Laboratory Animals of Kobe Pharmaceutical University.
Cell culture
Cloned metastatic variant cells of LLC were kindly supplied by the Cell Resource Center for Biomedical Research, Tohoku University. These cells, which were cloned from metastatic lung nodule of a mouse with a s.c. parental LLC tumor, are locally invasive and metastasize to the lungs but not to other sites. For GFP gene transduction, LLC cells were stable transfected into the pEGFP-1 vector (Clontech, Palo Alto, CA) by electroporation. Transfected LLC cells (LLC-GFP cells) were cultured into a selective medium that contained 300 mg/ml of G418 (Geneticin, Roche, Diagnostics, Mannheim, Germany) for 6 days. The brightest fluorescing cells above the 95 percentile were sorted and cloned using flow cytometry. Cells were maintained by selection with 500 mg/ml of G418. The medium used for culturing the tumor cells and for all assays was RPMI1640 medium (Life Technologies, Grand Island, NY) supplemented with L-glutamine (0.29 mg/ml), kanamycin (0.06 mg/ml) and 10% heat-inactive fetal bovine serum (FBS).
Assessment of cell growth in vitro
The effects of 1a,25-D 3 and 22-oxa-1a,25-D 3 on the proliferation of LLC-GFP cells in vitro were assessed by cell counting and cell cycle analysis. Cells were seeded at a density of 2 Â 10 5 cells/well in 6-well culture plates in RPMI1640 medium containing 10% FBS for 24 h. After 24 h, fresh medium containing 10% charcoal-stripped FBS with vehicle (ethanol), 1a,25-D 3 or 22-oxa-1a, 25-D 3 (10 À7 M) was added to the cultured cells, and incubation continued for 1--3 days. 1a,25-D 3 and 22-oxa-1a,25-D 3 were dissolved in ethanol, the final concentration of ethanol in all cultures not exceeding 0.1%. Cells were trypsinized at specific time points, and an aliquot of cells was counted and the cell cycle analyzed. For the analysis of the cell cycle, each group of cells was collected and washed with phosphate-buffered saline (PBS) (À) once. Then, the cells were resuspended in PBS(À) containing 0.2% Triton X-100 and 100 mg of RNase and incubated at 37 C for 30 min. Cells were washed with PBS(À) and incubated with 0.5 ml of DNA-attaining solution containing propidium iodide (50 mg/ml) at 4 C for 20 min. The cells were analyzed with a flow cytometer equipped with an argon laser (488 nm, Becton Dickinson FACScan TM ) and the cell cycle distribution was analyzed using ModiFit LT (Verity).
In vitro invasion of LLC-GFP cells through a Matrigel-coated membrane The capacity of tumor cells to traverse a basement membrane-matrix-coated filter has been shown to be representative of their invasiveness. Therefore, the capacity of tumor cells to migrate through Matrigel-coated membranes was measured. Nucleopore filters (8 mm pore size) were coated with 100 ml of a 1:20 dilution of Matrigel (Becton Dickinson, Bedford, MA) and allowed to dry. Representative filters were stained with crystal violet and, when examined microscopically, appeared to be evenly coated with Matrigel. Medium was added to the lower compartment of each blind-well chemotactic chamber. A dried, coated filter was placed over the lower compartment. After reconstitution of Matrigel, 5 Â In preliminary experiments, we used increasing concentrations of 22-oxa-1a,25-D 3 (0.5, 1 and 10 mg/kg/24 h) to determine the minimal effective dosage that will not cause hypercalcemia in nontumor-bearing mice. An infusion rate of 1 mg/kg/24 h was chosen, and each minipump contained 22-oxa-1a,25-D 3 dissolved in 0.1% Tween-20 and 10% ethanol, to deliver a continuous dose for up to 3 weeks at a rate of 2.5 ml/h. Untreated animals were implanted with a minipump containing the vehicle alone. Mice with tumor implants were killed 3 weeks later. The lungs were removed and the weight, number of lung nodules and GFP mRNA expression were measured.
Analysis of serum calcium level
The blood samples were centrifuged at 3000 g for 10 min and the supernatants were employed as serum samples. The serum calcium level was determined by micro colorimetric assay (Wako, Japan).
Imaging and tumor scoring A Leica fluorescence stereo microscope model MZ FL III (Leica Microsystem, Inc., USA) equipped with a mercury 50 W lamp power supply was used. Selective excitation of GFP was produced through a D480/40 band-pass filter and 510 DCXR dichroic mirror. Emitted fluorescence was collected through a long-pass filter DC300F and digital camera system (Leica Microsystem, Inc., USA). The numbers of metastatic nodules on the surface of the lung were counted under the fluorescence stereo microscope. The GFP-expressing spots on the lungs were enumerated to quantify the lung metastasis.
Real-time quantitative PCR
Lung tissues and LLC-GFP cells were homogenized in ISOGEN (Nippon Gene, Tokyo Japan). Total RNA was isolated as specified by the manufacturer. The purified RNA was reverse-transcribed with AMV reverse transcriptase (TaKaRa, Japan). Quantitative analyses of gene expression were conducted using GFP ( (14)]-specific primers (amplification sizes were VEGF188, 635 bp; VEGF164, 563 bp; VEGF120, 431 bp). Specific b-actin primers were used for the internal control to normalize the sample amounts. Agarose gels (2%) were stained with ethidium bromide and visualized under UV light. All assays were performed in triplicate. Gel images were analyzed with the NIH Image analysis system.
Preparation of conditioned medium LLC-GFP cells (1 Â 10 5 ) were cultured in 6-well tissue culture plates with 2 ml of culture medium/well for 24 h. After 24 h, fresh medium containing 10% charcoal-stripped FBS with vehicle, 1a,25-D 3 or 22-oxa-1a,25-D 3 was added to the cultured cells, and incubation continued for 3 days. The culture medium was changed to a serum-free medium containing 0.1% bovine serum albumin and 1a,25-D 3 or 22-oxa-1a,25-D 3 . After changing the culture medium, conditioned medium was collected at 6, 12 and 24 h, cleared by centrifugation and then stored at À80 C until evaluation. After removal of the conditioned medium, LLC-GFP cells were harvested by trypsinization and the cells in each well were enumerated. The conditioned medium was analyzed by gelatin zymography and enzyme immunoassay for mouse VEGF.
Gelatin zymography
The conditioned medium from LLC-GFP cells was analyzed for MMP-2 and MMP-9 by gelatin zymography (15) . Proteins were separated by SDS--PAGE under non-reducing conditions on 10% polyacrylamide gels containing 1 mg/ ml of gelatin. SDS was extracted with Triton X-100 from the gels, which were then incubated overnight at 37 C in 50 mM Tris--HCl, pH 7.8, containing 150 mM NaCl and 5 mM CaCl 2 . The gels were stained with Coomassie Brilliant Blue R-250 and destained in 45% methanol and 10% acetic acid. All assays were performed in triplicate. Gel images were analyzed with the NIH Image analysis system.
Enzyme immunoassay for mouse VEGF
The VEGF level in serum or conditioned medium of LLC-GFP cells was determined using a VEGF EIA kit (Quantikine M, R&D system, USA) based on a sandwich enzyme immunoassay, according to the manufacturer's instructions. The concentration of VEGF in 100 ml of sample was estimated from a standard curve obtained using standard mouse VEGF serially diluted. The assay was carried out according to the manufacturer's specifications.
Mouse dorsal air sac model
The mouse dorsal air sac model was established according to Sakamoto et al. (16) . Briefly, a suspension of LLC-GFP cells (1 Â 10 6 cells/200 ml) in PBS(À), free of Mg 2þ and Ca
2þ
, was injected into a Millipore chamber consisting of a Millipore filter ring (PR0001401) and two Millipore filters (HAWP29323, 45 mm), which were attached to the ring with MF cement (XX7000000). This chamber was implanted into a dorsal air sac produced in each strain of mouse by injecting 10 ml of air through a 25-gauge needle. At the same time, an osmotic minipump with 1a,25-D 3 or 22-oxa-1a,25-D 3 was implanted on the other side of the chamber ring in the mice. Mice implanted with a chamber ring were killed 10 days later. The chamber ring was removed and the neovascular vessels under the skin covering the implanted chamber ring were enumerated.
In vivo chamber angiogenesis assay This assay was reported previously (17) . Chambers were constructed from a Millipore chamber ring. A 13 mm diameter 30 mm nylon net filter (Millipore Corporation, MA) was glued to the ring. About 0.2 ml of liquid 4 C growth factor-reduced Matrigel matrix (BD Biosciences, MA) containing 300 ng of basic fibroblast growth factor (bFGF) (ICN Pharmaceuticals, CA) was injected into the chamber. The 4 C Matrigel matrix rapidly formed a gel at room temperature. The chambers were finally sealed with a 180 mm nylon net filter (Millipore Corporation, MA). All chambers and filters were disinfected in 70% ethanol before use. This chamber was implanted into a dorsal air sac produced in each strain of mouse by injecting 10 ml of air through a 25-gauge needle. At the same time, an osmotic minipump with vehicle, 1a,25-D 3 or 22-oxa-1a, 25-D 3 was implanted on the other side of the chamber ring in the mouse. Mice with a implanted chamber ring were killed 10 days later. After removal of the chamber from the anesthetized mice on day 10, tissues attached to the chamber were cleaned off and the chamber was gently washed with PBS(À). Subsequently, the chamber content was resuspended in 1 ml of PBS(À) and centrifuged at 134 g for 1 min. Finally, an optical density reading at 415 nm (OD 415 nm) of 200 ml of supernatant was analyzed using a microplate reader (BIO-RAD). OD 620 nm was used as a reference wavelength and data were shown as OD 415--620 nm. The 415 nm wavelength was chosen because a spectrum scan showed that mouse and rat blood solutions were strong absorbers of 400--425 nm light.
Intravenous injection of LLC-GFP cells in VDR
À/À mice with corrected hypocalcemia and hypervitaminosis D and administration of 22-oxa-1a,25-D 3 VDR À/À mice were generated by homologous gene targeting as described previously (18) . Null mutant mice were obtained by crossbreeding a heterozygous VDR knockout female with a heterozygous male. Mice were weaned at 3 weeks of age, then fed a high calcium and vitamin D-deficient diet (Clea Japan, Inc.; ingredients: 2% calcium, 1.25% phosphorus, 0 IU vitamin D 3 /100 g and 20% lactose) ad libitum. We used wild-type (VDR 5 LLC-GFP cells in a total volume of 0.2 ml in RPMI1640 medium containing 10% FBS. Thereafter, 22-oxa-1a,25-D 3 was administered continuously using an osmotic minipump implanted s.c. on the same day as the inoculation with LLC-GFP cells. An infusion rate of 1 or 10 mg/kg/24 h was chosen, and each minipump contained 22-oxa-1a,25-D 3 dissolved in 0.1% Tween-20 and 10% ethanol to deliver a continuous dose for up to 3 weeks at a rate of 2.5 ml/h. Untreated animals were implanted with a minipump containing the vehicle alone. Mice with tumor implants were killed 3 weeks later and serum Ca level, lung weight, number of lung nodules and GFP mRNA expression in the lung were measured.
Statistical analyses
Data are presented as the mean AE SE. Student's t-test was used for group analyses. Correlation coefficients were calculated for possible interrelations between variables. P-values 50.05 were considered as statistically significant. 
Results
Effects
Anti-cancer effects of 22-oxa-calcitriol
These results suggest that reduced MMP-2 and MMP-9 activity is probably the main mechanism by which 1a,25-D 3 and 22-oxa-1a,25-D 3 inhibit the invasiveness of LLC-GFP cells. was more potent than 1a,25-D 3 in inhibiting VEGF secretion. Four isoforms of VEGF (VEGF205, VEGF188, VEGF164 and VEGF120) have been reported to be expressed in mouse tissue (19) . The large isoforms, VEGF205 and VEGF188, are cellassociated because of their stronger affinity for cell-surface proteoglycan, whereas the smaller isoforms, VEGF164 and VEGF120, are secretory forms. Several studies have shown VEGF164 and VEGF120 to be most highly expressed in tumors. LLC-GFP cells expressed large amounts of VEGF164 and VEGF120 mRNA, but VEGF205 and VEGF188 mRNA were not detected. In addition, we measured the PTHrP mRNA expression in LLC-GFP cells. PTHrP was originally isolated from human tumors associated with the hormonal hypercalcemia of malignancy (HHM) syndrome (20) . When high levels of PTHrP are secreted by tumors, PTHrP stimulates osteoclastic bone reabsorption and renal tubular reabsorption of calcium, thus leading to hypercalcemia and osteolytic bone metastases (21) . It was previously reported that LLC causes hypercalcemia (22) . A 24-h treatment with 1a,25-D 3 and Anti-cancer effects of 22-oxa-calcitriol 22-oxa-1a,25-D 3 resulted in a significant reduction in the level of PTHrP mRNA. These effects were detected in a concentration-and time-dependent manner (data not shown). In addition, 22-oxa-1a,25-D 3 was more effective in the suppression of VEGF and PTHrP expression than 1a,25-D 3 (10 À7 M).
Effects of 1a,25-D 3 and 22-oxa-1a,25-D 3 on angiogenesis in vivo LLC-GFP cells have a high metastatic potential and produce several growth factors. The degree of induced angiogenesis was dependent on the number of LLC-GFP cells in the chamber. The neovascular vessel formation was not induced by the chamber ring including PBS(À) alone. In the vehicle-treated mice, the neovascular vessels were formed under the chamber ring, including LLC-GFP cells. In the 1a,25-D 3 and 22-oxa1a,25-D 3 -treated mice, the number of neovascular vessels was decreased ( Figure 5A and B) . However, in this assay, it is impossible to discriminate between a direct effect on the tumor cells and an anti-angiogenic effect, since the inhibition of tumor growth limits angiogenesis and vice versa. In contrast, the in vivo chamber angiogenesis assay strictly investigates angiogenesis and allows a quantitative analysis of anti-angiogenic activity. This assay was published by Kragh et al. (17) and reported as a useful tool for drug evaluation as well as research into anti-angiogenesis. Thus, with this assay, we examined the anti-angiogenic effects of 1a, 25 
VDR
À/À mice. Our recent report suggests that VDR À/À mice with corrected hypocalcemia and hypervitaminosis D can be used as an experimental model for screening the anti-cancer effects of new vitamin D analogs in vivo. In this study, using this experimental model, 22-oxa-1a,25-D 3 was administered by an osmotic minipump for 18 days. LLC-GFP cells were injected into VDR þ/þ mice receiving a high dose of 22-oxa1a,25-D 3 (10 mg/kg/day) and these animals subsequently showed hypercalcemia, while VDR À/À mice receiving a high dose of 22-oxa-1a,25-D 3 and similarly injected with tumor cells did not show any significant change in serum calcium levels when compared with the vehicle-treated control group ( Figure 7A and B) .
The number of mice that developed lung metastases was analyzed by measuring the GFP mRNA expression in the lung by quantitative RT--PCR. This parameter was significantly lower in the 22-oxa-1a,25-D 3 -treated group than in the untreated group among VDR þ/þ mice and VDR À/À mice fed a high calcium and vitamin D-deficient diet ( Figure 7A and B) . 
Discussion
Metastatic cancer of the lung is a particularly challenging problem in the clinical setting. Once tumors have invaded the lung, the response to classical chemotherapeutic agents is weak, and the prognosis for these patients is poor (23) .
In this study, we used an animal model of lung carcinoma to demonstrate that 22-oxa-1a,25-D 3 , a low calcemic analog of 1a,25-D 3 , inhibits the formation of lung tumors. Previous studies had shown that synthetic 1a,25-D 3 analogs with low calcemic activity relative to the native hormone 1a,25-D 3 , are of potential value as anti-cancer agents (24--28). 22-Oxa1a,25-D 3 has been studied and shown to inhibit the growth of human breast cancer cells and canine osteosarcoma cells in vitro and in vivo (29, 30) . However, despite the promising effects of 22-oxa-1a,25-D 3 in animal models of cancer, there are no current ongoing clinical trials. Instead, 22-oxa-1a, 25-D 3 has been approved and launched for the treatment of secondary hyperparathyroidism (31) . In view of the fact that VDRs are expressed in 490% of human tumors, Anti-cancer effects of 22-oxa-calcitriol 22-oxa-1a, 25-D 3 may be useful for the treatment of cancer. In the present study, we demonstrated that 22-oxa-1a,25-D 3 reduces not only the development of lung metastases but also the tumor-induced angiogenesis in vitro and in vivo.
The mechanism of action of 22-oxa-1a,25-D 3 in prevention of the development of lung metastasis is unclear. On the basis of both in vitro and in vivo anti-tumor activity of 22-oxa1a,25-D 3 in several cancer models and the present in vitro data on LLC-GFP cell inhibition, we speculate that our in vivo observation on lung metastases is at least, in part, secondary to a direct effect of 22-oxa-1a, 25 A more detailed analysis of the MMP-2 and MMP-9 promoter activity is not available. No known vitamin D-inhibitory sequences were found in these promoter regions. Therefore, we do not know whether VDR binds directly to the MMP-2 and MMP-9 promoter. The 5 0 end of the MMP-2 and MMP-9 promoter contains Sp-1, cAMP-responsive elementbinding protein 1, NFkappaB and activation protein-1 (AP-1) sites, of which one is important for the basal expression of MMP (37, 38) . Recently, the tumor suppressor PTEN (phosphatase and tensin homolog deleted on chromosome 10), which is one of the most commonly inactivated genes in human cancer, led to the inhibition of TNFa-induced MMP-9 expression in vascular smooth muscle cells. This downregulation of MMP-9 by PTEN was transcriptionally regulated at NF-kappaB and AP-1 sites in the MMP-9 promoter. In addition, it has been reported that 1a,25-D 3 stimulated the expression of PTEN in leukemic cells (39) . Therefore, the regulation of PTEN gene expression by 1a,25-D 3 may mediate the expression of MMP-2 and MMP-9 genes in LLC-GFP cells.
Moreover, the anti-angiogenic activity of 1a,25-D 3 may contribute to its overall anti-cancer effects. Interestingly, in LLC-GFP cells, 1a,25-D 3 and 22-oxa-1a,25-D 3 reduced the mRNA expression and secretion of VEGF, which selectively induces activation, migration, proliferation and tube formation in endothelial cells. A previous report indicated that the administration of 1a,25-D 3 to mice inoculated with cancer cells of different origin and rats bearing chemically induced colon tumors resulted in a significant decrease in tumor-induced angiogenesis. This finding is based on an immunohistochemical analysis of colon tumors from 1a,25-D 3 -treated rats, which demonstrated a significant decrease in VEGF expression and microvessel counts compared with tumors from untreated animals (40) . However, 1a,25-D 3 induces the expression of VEGF in osteoblast and chondrocyte cells, and has not been examined in cancer cells (41, 42) . In this study, we examined the effects of 1a, 25 (44, 45) . However, the mouse PTHrP gene has not been identified yet. Other studies have suggested that 1a,25-D 3 can reduce the levels of protein kinase A (PKA) activity in LLC cells. PTHrP gene transcription is activated through the cAMP-response element by PKA (46) . We are currently exploring these possibilities to determine the mechanism by which 1a,25-D 3 and 22-oxa-1a,25-D 3 reduce PKA activity or downregulate promoter activity through nVDRE in the PTHrP gene. Therefore, 22-oxa-1a,25-D 3 may provide a new strategy for treating squamous cell carcinoma of the lung as well as other malignancies, because of its potent antiproliferative effects and ability to prevent PTHrP-induced HHM.
We used two methods to study the anti-angiogenic activity of 1a,25-D 3 and 22-oxa-1a,25-D 3 in vivo. In the dorsal air sac assay of LLC-GFP cells, continuous administration of 1a, 25-D 3 and 22-oxa-1a,25-D 3 significantly reduced the angiogenesis induced by LLC-GFP cells. However, this method included the direct effect on LLC-GFP cells. On the other hand, the in vivo chamber angiogenesis assay strictly investigates angiogenesis and allows the quantitative analysis of anti-angiogenic activity. Continuous administration of 1a,25-D 3 or 22-oxa-1a,25-D 3 significantly reduced the bFGF-induced angiogenesis. In a previous report, Kragh et al. (17) reported no significant anti-angiogenic effect of 1a,25-D 3 in this anti-angiogenesis assay. One possible reason for this different result is that we adopted a continuous administration using an osmotic minipump and higher dose of 1a,25-D 3 .
Our recent report suggested that VDR À/À mice with corrected hypocalcemia and hypervitaminosis D could be used as an experimental model to screen the anti-cancer effects of new vitamin D analogs in vivo (13) . In this study, using this experimental model, 22-oxa-1a,25-D 3 was administered for 18 days using an osmotic minipump. The LLC-GFP cells injected VDR À/À mice receiving a high dose of 22-oxa1a,25-D 3 (10 mg/kg/day) did not show hypercalcemia and significantly decreased the tumor growth. This result clearly indicates that 22-oxa-1a,25-D 3 can act directly on cancer cells under conditions without calcemic activity or other actions of 22-oxa-1a,25-D 3 in the host. However, antimetastatic effects of the high dose 22-oxa-1a,25-D 3 -treatment were weaker than in the low dose 22-oxa-1a,25-D 3 -treated VDR þ/þ mice. These results indicate that hypercalcemia induced by the high dose of 22-oxa-1a,25-D 3 affects the anti-cancer effects. The high dose of 22-oxa-1a,25-D 3 causes hypercalcemia and loss of body weight, resulting in an impairment of the immune system in the host. In the previous reports, it has been suggested that mice treated with 1a,25-D 3 experienced a severe loss of thymocytes, and that thymic atrophy resulted as a consequence of 1a,25-D 3 -induced hypercalcemia (47, 48) . Therefore, it is considered that the high dose of 22-oxa-1a,25-D 3 -induced hypercalcemia affected the immune system and decreased the host defense in VDR þ/þ mice. Thus, our data indicate that hypercalcemia and loss of body weight induced by the high dose of 22-oxa-1a,25-D 3 is a risk factor for tumorigenesis and can occasionally be lethal. However, a low dose of 22-oxa-1a,25-D 3 (1 mg/kg/day) is highly effective in inhibiting the metastatic tumor growth without hypercalcemia. In this experiment, our findings of marked anti-metastatic effects of 22-oxa-1a,25-D 3 , achieved with significantly less toxicity in terms of hypercalcemia and weight loss than 1a,25-D 3 , suggest that 22-oxa-1a,25-D 3 may offer a therapeutic option in advanced lung carcinoma. These results suggest that our experimental model could be useful for studying the pathophysiology of metastatic tumors in the lung microcirculation without the calcemic activity and host's defenses triggered by 1a,25-D 3 analogs. Moreover, this model is more effective in evaluating the influence of the side-effects of 1a,25-D 3 analogs on the in vivo anti-cancer effect.
These results strongly suggest that 22-oxa-1a,25-D 3 has selective effects on target tissues and particularly cancer cells without affecting calcium homeostasis, making it particularly suitable for future clinical trials. The mechanism of action of 22-oxa-1a,25-D 3 in preventing the development of lung metastasis is unclear. However, the present results indicate that 22-oxa-1a,25-D 3 inhibited growth and metastasis and reduced VEGF, MMP-2 and MMP-9 expression and the angiogenesis-inducing activity of LLC-GFP cells. Notably, the anti-angiogenic activity of vitamin D may contribute to its overall anti-cancerous effects. Patients with lung cancer have a very poor prognosis. It is therefore important to develop a therapeutic agent with antiproliferative effects as well as the potential to control angiogenesis-inducing factor and matrix metalloproteinase gene transcription, but which itself has minimal side-effects. The present results indicate that 22-oxa1a,25-D 3 meets these criteria.
In the present study, we examined the effect of 22-oxa-1a,25-D 3 as a prophylactic for the treatment of lung metastasis. In a clinical setting, this would represent a situation similar to the use of tamoxifen to prevent the recurrence of breast cancer in patients without evidence of tumor spread. Our data clearly indicate the suppression of lung metastasis and tumor-induced angiogenesis on the continuous administration of 22-oxa-1a,25-D 3 . This effect occurs without a significant elevation in the plasma level of calcium, indicating that this analog could be administered safely without undesirable side-effects.
In conclusion, 22-oxa-1a,25-D 3 is highly effective in reducing metastatic lung carcinoma associated with angiogenesis and warrants further study as a therapeutic agent.
